Winter cover crops have been proposed as a potential climate mitigation practice, but a recent study concluded that cover crops may increase local temperature by up to 3°C. Here, we present agronomic context and data on cover crop morphology to ground-truth the scenarios simulated in this study. We conclude that the scenario of cover crop morphology on which the study's headline claim is based is unlikely to be found in contemporary production systems. The most realistic scenario simulated did not result in significant local warming. Therefore, we argue that widespread planting of cover crops is unlikely to substantially increase local winter temperatures.
W inter cover crops have been proposed as a potential climate mitigation practice based on their ability to sequester soil carbon, increase albedo, and improve nitrogen cycling (Poeplau and Don, 2015; Blanco-Canqui et al., 2015; Kaye and Quemada, 2017; Carrer et al., 2018) . However, a recent study (Lombardozzi et al., 2018) raised the possibility that cover crops may result in substantial increases in winter land surface albedo and local temperature. Based on the results of simulation modeling, Lombardozzi et al. (2018) stated that "planting cover crops increases wintertime temperature up to 3°C in central North America. "
Here, we present agronomic context and data on cover crop morphology to ground-truth the scenarios simulated in Lombardozzi et al. (2018) . We conclude that the scenario of cover crop morphology on which the study's headline claim is based is unlikely to be found in contemporary production systems. Therefore, we argue that widespread planting of cover crops is unlikely to substantially increase local winter temperatures.
The warming simulated in Lombardozzi et al. (2018) occurred when the cover crop canopy absorbed solar radiation that would have otherwise reflected off of snow. Therefore, the degree of warming depends on the relationship between cover crop canopy morphology and snow depth. The authors compared a no cover crop baseline to three cover crop scenarios: (i) height of 50 cm and leaf area index (LAI) of 1 (tall-sparse), (ii) height of 50 cm and LAI of 4 (tall-leafy), and (iii) height of 10 cm and LAI of 4 (short-leafy). For the tall-leafy scenario, cover crops resulted in statistically significant warming in a geographic area ranging from Iowa, USA, northwest into Alberta, Canada. Warming was not found to be statistically significant in the short-leafy scenario, and only a small area of significant warming was found in the tall-sparse scenario.
We conducted a study in 2016 to 2017 in which we measured cover crop height and LAI during the winter in central Pennsylvania. Cover crops were planted on three dates in August and September, and measurements were taken in February ( Fig. 1 ). Cover crop treatments included Austrian winter pea (Pisum sativum L.), winter canola (Brassica napus L.), crimson clover (Trifolium incarnatum L.), red clover (Trifolium pratense L.), and triticale (× Triticosecale Wittm.). Triticale is morphologically similar to cereal rye (Secale cereale L.), which is the most common cover crop species in north-central North America (CTIC, 2017) . Height was measured with a ruler from the soil surface to the highest point of the plant canopy as it stood naturally in the field. Leaf area index of the cover crop canopy was estimated using measurements of radiation interception obtained with a ceptometer (Accupar LP-80, Meter Group).
We found that the tallest cover crop species-canola, triticale, and crimson clover-had wintertime heights of ~10 to 22 cm and LAIs of ~2 to 5 m 2 m -2 ( Fig. 1) . These species were far shorter than the 50-cm height simulated in Lombardozzi et al. 's (2018) tall-leafy scenario but taller than the 10-cm height in the short-leafy scenario. This suggests that the maximum effects of cover crops on albedo and local warming are likely far less than the results of the tall-leafy scenario and somewhat greater than the results of the shortleafy scenario. However, the mean snow depth reported in Lombardozzi et al. (2018) was greater than 20 cm in much of the region with significant local warming and above 10 cm in all of it. Therefore, in most years, the cover crops in our study would be largely buried in snow.
While there are additional cover crop species beyond those for which we have presented morphological data, most are unlikely to develop the tall-leafy growth form simulated in Lombardozzi et al. (2018) in the regions with significant simulated warming. The most realistic scenario in which a cover crop would approach a height of 50 cm and a LAI of 4 m 2 m -2 would be a warm-season annual that is planted early enough for stem elongation to occur prior to winter. However, these would primarily be planted as part of an annual forage mixture for cattle grazing (Sanderson et al., 2018) ; as such, the biomass would typically be removed before winter. Remaining biomass would be senesced and bleached, increasing its albedo, and would likely lodge, especially in snowy conditions.
Climatological and agronomic context further suggests that the height and LAI of cover crops in north-central North America is unlikely to exceed that of Lombardozzi et al. 's (2018) short-leafy scenario (height = 10 cm, LAI = 4). Since the climate of central Pennsylvania is milder than that of the geographic region in which Lombardozzi et al. (2018) found a significant warming trend (Iowa northwest into Alberta), the results in Fig. 1 likely overestimate fall biomass production in that region.
In addition, the planting times used in our study represent the cover cropping window following a small grain, which allows for much more fall growth than planting after a full-season summer annual such as maize (Zea mays L.) or soybean [Glycine max (L.) Merr.] (Murrell et al., 2017) . While small grains are grown extensively in the northwestern part of the region with significant simulated warming in Lombardozzi et al. 's (2018) study, maize and soybean dominate the southern region and are prevalent into eastern North Dakota (USDA Foreign Agricultural Service, 2018; USDA National Agricultural Statistics Service, 2018). In these areas, even the short-leafy scenario in Lombardozzi et al. (2018) greatly overestimates the typical fall-planted cover crop canopy.
The interaction between surface residues and snow depth (Benoit et al., 1986) should also be considered when interpreting results from Lombardozzi et al. (2018) . Surface residues lead to deeper snowpacks by increasing the threshold wind speed for saltation to occur and reducing snow transport (Pomeroy and Li, 2000) . Across three winters in Morris, MN, 30-cm-tall maize stalk residues maintained average snow depths of 32, 33, and 22 cm, while no-residue plots maintained average depths of 24, 14, and 10 cm (Sharratt, 2002) . By increasing snow depth, cover crop biomass and residues would reduce the amount of light interception by cover crops and thereby mitigate effects on albedo. Moreover, surface residues have the potential to extend the snow-covered period in the spring (Sharratt, 2002) . These interactions would cause cover crop albedo effects to be smaller than those simulated by Lombardozzi et al. (2018) in the winter months and may even result in increased springtime albedo.
Cover crops may also increase winter albedo by reducing wind erosion. When blowing soil particles are deposited on top of snow, a situation commonly referred to as "snirt, " they reduce the albedo of the snow cover. Research is needed to estimate the magnitude of this effect.
In addition to local warming, Lombardozzi et al. (2018) showed widespread, significant reductions in winter albedo even under the short-leafy scenario. This has direct implications for global warming. Cover crop effects on snow depth and winter wind erosion would moderate these reductions in albedo, though it is unclear to what extent. Moreover, since Lombardozzi et al. (2018) focused on boreal winter, their study did not capture potential offsetting effects from outside of the snow-covered season, which could arise because bare soil typically has lower albedo than cover crop canopies (Kaye and Quemada, 2017; Carrer et al., 2018) . Over the course of a cover cropping season, Kaye and Quemada (2017) estimated that net albedo would only decrease when plant albedo was abnormally low and soil albedo was abnormally high, even when accounting for interactions with snow cover. Further research is needed to more precisely determine the net season-long albedo effects of interactions among cover crops, soil color, and snowpack in different regions.
Despite these concerns, the scenarios simulated in Lombardozzi et al. (2018) may prove useful for designing and evaluating cropping systems that include greater winter plant biomass. Many researchers are looking to perennial systems as a model for improved environmental performance in agriculture (King and Blesh, 2018; Ryan et al., 2016) . Novel methods of establishing cover crops during the cash crop growing season have the potential to result in taller and leafier winter biomass than typical fall-planted cover crops (Curran et al., 2018) , as do perennial systems (e.g., pastures, perennial forages, perennial grains, alley cropping). The results of Lombardozzi et al. (2018) clearly indicate that the agronomic and environmental benefits of maintaining tall and leafy winter biomass should be weighed against potential negative effects on albedo in snowy regions.
Nevertheless, when evaluated in the context of contemporary agronomic practices, the headline conclusion of Lombardozzi et al. (2018) -that cover crops may cause local warming up to 3°C-appears to be exaggerated. While the authors acknowledge that their scenarios "are not intended to be a fully realistic representation of cover crops, " the conclusions drawn from the tall-leafy scenario are potentially misleading. Instead, the short-leafy scenario-which did not result in significant local warming-is a more accurate representation of the effects of widespread cover cropping.
Overall, the many well-documented benefits of cover crops for climate mitigation and adaptation outweigh the potential negative effects on winter albedo. In addition, the baseline alternative of bare soil used in Lombardozzi et al. (2018) is neither agronomically nor environmentally viable, as it leaves soil vulnerable to erosion, nutrient leaching, and carbon loss. Cover crops remain an important tool for improving both on-and off-farm environmental outcomes in the face of a changing climate.
